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A BSTRA CT 

Determination of the kinetic pa rame te r s ,  i and a, f r o m  additional 
0 

t 
galvanostatic polarization data on the Ag/Ag(NH s y s t e m  with a newly 3 2  

designed ce l l  are reported and compared with values obtained previously 

f rom the cyclic cu r ren t - s t ep  (c. c. s. 1 method. 

method to  the init ial  s tage of oxidation of Ag in KOH has  been attempted. 

Specific problems encountered are discussed. 

Extension of the c. c.  S. 

Additional data on charge acceptance as a function of applied potential 

confirms the genera l  shape of the curve reported e a r l i e r  and provide fine 

detail. 

and 0.52 volt (Hg/HgO reference).  

at 0.32 volt where the charge acceptance vs. potential curve shows a 

plateau. Roughness fac tors  determined by this potentiostatic method 

f o r  electropolished s i lver  foil, foil etched with n i t r ic  acid, and s intered 

s i lver  were  1.1-1.3, 3-4, and 130 respectively.  These values are l a rge r  

than those obtained by the constant cu r ren t  method. 

Maximum values of charge acceptance are observed at 0.30 volt 

Surface area estimations were  made 

The heights of the 

init ial  cu r ren t  peaks on these  charge acceptance curves  did not co r re l a t e  

reasonably with roughness factors.  

The influence of ultrasonic vibrations on s i lver  e lectrodes is shown 

as an  inc rease  in charge acceptance of 5 to  25% during the Ag/Ag20 

oxidation plateau a s  a function of cu r ren t  density. 

observable t rend  in these percentages with cu r ren t  density, and the 

reproducibil i ty of the values is f rom 1.0 -5.1 %.. 

density the charge acceptance for  the complete oxidation (to oxygen 

However, t he re  is no 

A t  a higher cu r ren t  



evolution) is increased 20-40% with vibrations. 

observed during the second plateau, Ag20/Ag0. 

acceptance on oxidation (to oxygen evolution) with charge recovery on 

reduction (t.0 hydrogen evolution) shows 96% charge recovery without 

vibrations and only 79% charge recovery  with vibrations. 

Most of the increase  is 

Comparison of charge 
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S E C T I O N  I 

KINETIC STUDIES O F  THE OXIDATION O F  SILVER 

IN ALKALINE ELECTROLYTE 

Introduction 

In this  section of the repor t  the resul ts  of kinetic studies on two 

t sys t ems  a r e  discussed: (1) Ag-Ag(NH3)2 . ( 2 )  Ag-Ag20.  The cyclic 

P 
curren t -s tep  (c. c. s. ) method developed by Wijnen and Smit 

investigated for  its possible applicability in the study of these sys tems 

because it does not have the limitations of the c lass lca l  galvanostatic 

method 

causes  a buildup of oxide on the electrode surface,  thereby  changing 

the electrode kinetics . 

I s  being 

2 
(c. g. ). These  limitations occur  when the constant cu r ren t  

t 
The first system, the Ag-Ag(NH3)2 electrode, was studied f o r  

two reasons.  First, it provided a suitable means of checking resul ts  f rom 

the c. c .  s. method against  resu l t s  f rom the c. g. 

Ag-Ag(NH3)2 electrode could be looked upon as 

between a sys t em in  which both the oxidized and 

t 

method. Second, the 

an intermediate s tep  

reduced species  a re  

present  as ions {for example, the f e r rous  ion-ferr ic  ion sys tem)  and a 

sys t em where  both electroactive species  are  solids ( s i lver  -.silver oxide). 

Our data in this repor t  and in the preceding repor t  

method can be applied to  the Ag-Ag(NH ) 

2 
show that the c .  c. s. 

t 
system. 3 2  

The second system, the s i lver  -s i lver  oxide electrode, has  yielded 

data which bear  fo rma l  relationship to  the resu l t s  f rom measurements  on a 



2 

system where the electroactive species are in solution. 

presented in this report .  

These data a r e  

Experimental  

The apparatus for  the c. c. s. method i s  descr ibed on pages 2 and 3 

2 
of the previous report  The apparatus for the e . g .  method includes a 

new cel l  (Figure 1). The cell was designed to  give uniform cur ren t  d i s -  

tribution. 

the Luggin capillaries was eliminated by building the capi l lar ies  into the 

wall of the cell. 

pages 6 and 7 in the Final  Report  

eliminate the iR  drop. 

The need to  co r rec t  for disruption of cu r ren t  flow lines by  

The distance extrapolation method, a s  described on 

3 
of JPL Contract 95191 1,  was used to 

Results 

The Ag -A g(NH3) 2t Sys t em 

Using the new cel l  (Figure I ) ,  we have obtained gGlvanostatic polari  

2 ,  zation data a t  cur ren t  densities n e a r l y  10 t imes the 10 m % / c m  which had 

been the previous upper l imit  in our m a s u r e m e n t s .  

data a t  higher cur ren t  densit ies which caused the uncertainty in the 1 and 

a values obtained f r o m  the polarization data reported previously. P lo ts  

made f rom data obtained with this cell are compared with other polar iza-  

tion data for  the same sys tem i n  Figure 2. 

f rom these plots a r e  compared i n  Table 1. 

It was this lack of 

0 

The i dnd Q values determined 
0 

The f i r s t  plot on Figure 2 (po2nts represented by e )  is the pcjlari- 

zation curve made f rom ou,r data by the c. g. method taken f rom Figare  5 

of Reference 2. The values of i and a determined f rom this plot a r e  
0 
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2 
1.1 m a / c m  and 0.67. 

The second Tafel plot ( represented  by the dashed line) is based on I 

2 4 
and 0 .5  obtained by Vielstich and Gerisckier 

0 

and Q values of 0.66 m a / c m  

with a potentiostatic method which compared experimental  curx ent - r i s e  

ve r sus  potential plots with theoret ical  curves  based on o and i . The a 

and i 

curve were  reported.  However, curves  based on Q values of 0 .5  - 0.8 

would f i t  the i r  experimental  data equally weil. 

0 

values which gave a theoret ical  curve which best  fit the experjmenral 
0 

The third plot (points represented  by x)  was constructed f rom polari  - 

zation data obtained by the use  of the capi l lary which is c loses t  to  the 

electrode surface i n  the cel l  of Figure 1 .  

product of the distance between the capi l la ry  opening and the electrclde 

surface multiplied by the potential gradient in  the cell.  

gradient is  determined f r o m  measurements  of the total potential d rop  in 

the ce l l  which is 5.1 c m  long. The i and Q values determined f r o m  this 

plot are  4. 3 m a / c m  

The 1R drop  cor rec t ion  is the 

The potential 

0 

2 
and 0. 64. 

The fourth plot (points represented  by o 1 was rra de f r o m  data which 

F r o m  this we obtained by use  of all four  capi l lar ies  of the cell of Figure 1. 

plot values of i = 0.89 and Q = 0.31 were  d e t e r m k e d .  The iff d r o p  was  
0 

3 eliminated by the extrapolation method previously described. 

when high cu r ren t  densit ies a r e  used the i R  d r o p  between a n y  two of the 

fixed capi l lar ies  (0 .254  c m  apar t )  becomes la rge  compared to  the extra - 

polated overpotential. Thus, the e r r o r  in  the extrapolated overpotent,al 

becomes la rge  compared to  the overpotential. 

i-loweve r, 

F o r  this reason  data 
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2 
obtained at cu r ren t  densit ies higher than 12  m a / c m  were  not included. 

provided insufficient data to make a reliable Tafe l  plot. 

values obtained f rom this curve a r e  not considered good. 

i n  the extrapolated overpotential could, in principle, be decreased  by placing 

the capi l lar ies  c loser  together and by me asur ing  their  positions more  accurately.  

It does not appear  that these efforts are necessa ry  at this t ime s ince the data 

reported he re  and previously a r e  sufficient to show that the c. c. s. and c. g. 

methods give resu l t s  which ag ree  within experimental  e r r o r  on the Ag-Ag(NH ) 

sys tem ( see  Table 1). 

This 

Thus the Q and 1 
0 

This large e r r o r  

2 

+ 
3 2  

The data in the third and fourth plots i n  Figure 2 were cor rec ted  for  

the changes in distance between the electrode sur face  and the capi l lary which 

resul ted f rom the electrochemical  dissolution of the electrode. The s u m  of 

these correct ions compared well  with micrometer  measurements  of the de - 

c r e a s e  in thickness of the electrode made af te r  a s e r i e s  of polarization runs. 

The ce l l  descr ibed in Figure 1 was also designed f o r  c .  c .  s. m e a s u r e -  

ments. 

(NH3)2 

c. c. s. kinetic measurements  reported previously, 

To  t e s t  the ce l l  we used it for c. c. s. measurements  on the Ag-Ag 

system. 
t 

Although some of the data were in fair agreement  with the 

2 
others  were  e r r a t i c  o r  did 

not give l inear plots of [q (e ' )  -q (e")] 

l inear  data is shown in Figure 3.  

versus  1 /Jf. A n  example of the non- 
8 

While we do not know the cause of the 

e r r a t i c  behavior, the non-linear experimental  plots in Figure 3 could be the 

resu l t  of reference electrode polarization. The c. c. s. method requi res  a 

counter electrode with a much l a rge r  surface a r e a  t h a n  the t e s t  electrode. 

If this requirement  is me t  then the counter e lectrode can be considered non- 
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polarized and can a l so  be used as the reference electrode. 

was used f o r  the counter electrode to  provide the la rge  surface area in 

the restr ic ted geometry of the cell. The curves in Figure 3, however, have 

the same shape which one would expect i f  the sintered s i lver  counter electrode 

were replaced with s i lver  foil. 

electrode and the e r r a t i c  resul ts  obtained with the Ag-Ag(NH ) 

Sintered s i lver  

Because of this problem with the sintered 

sys tem in 
3 2  

the cell  shown in Figure 1, the c. c. s. experiments on the Ag-Ag 0 system 

were car r ied  out in the wire-concentric cylinder ce l l  described in  the 

preceding report. 

2 

2 

The Ag-Ag 0 System 
2 

Cyclic current  -step experiments were made upon a s i lver  electrode 

in  KOH electrolyte a t  the  initiation of oxidation of metall ic s i lver .  

experimental plots of [q ( e 1 )  - q(e r i ) ]  

of the s i lver  electrode in the range f rom about 0.05 to 11 F KOH solutions 

a r e  found in  Figures  4-8. A tabulation of the i values determined f rom 

the intercepts of these plots and the equation derived by Wijnen and Smit 

(i = i RT/nF[q(B1)-q(8'I)] ) is found in Table 2. 

The 

versus  l / / f  for the initial oxidation e=o. 5 

0 

o A  8-0.5 

Three  observations from these data seem significant. The first is 

The second i s  that that the plots of [q(el) -q(€)lL)]ezo* 

the i 

versus  l/\E are  linear. 

values obtained f rom the intercepts are negative instead of positive as 
0 

1 t 
for the ferrous - fe r r ic  and the Ag-Ag(NH ) systems. The third is that 3 2  

the extrapolated [q(0') -'f)(O1')]O=oe 

same for all the KOH concentrations used. 

kinetic data f rom an electrode involving two solids has been noted by 

measurements  a r e  approximately the 

The difficulty of obtaining 
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10 Delahay. 

ing the s i lver  sys t em just  at the initiation of oxide formation. 

The c. c. s. approach appears  to offer some possibility of study- 

A major  difficulty encountered in the c. c. s. measurements  of the 

s i lver  -si lver oxide electrode was with cur ren t  asymmetry.  

the oxidizing or  positive portion of the square-wave cur ren t  is g rea t e r  than 

If, fo r  example, 

the negative portion, there  is a net oxidizing cu r ren t  flow to  the 

and a net reducing cur ren t  to the counter electrode proportional 

of asymmetry.  This resu l t s  in a slow formation of Ag 0 on the 2 

test e lect  r ode 

to the degree 

s i lver  test 

electrode. 

wave symmetry  to about - t2%. 

square  wave cur ren t  was adjusted so that the net cu r ren t  flow was reducing. 

This prevented the formation of Ag 0 on the t e s t  electrode but on the 

s i lver  counter electrode slow formation of oxide was observed. 

to prevent this by passing a sma l l  d i rec t  cur ren t  between a third electrode 

and the counter electrode resulted in very  poor reprcrducibility in the 

ET(@') -q(Q") Ie,o 5 values for  any  given square  wave frequency. Good 

reproducibility was obtained when the s i lver  counter electrode was re - 

placed with a platinum electrode. 

With the present  apparatus it i s  possible t o  adjust  the square  

F o r  the experiments reported he re  the 

2 

A n  attempt 

It was observed that the [q(Q') -q(Q")]e=o. values drifted slowly 

during an  equilibration period of about one hour after a new electrolyte 

of different KOH concentration was placed in the cell. 

the square  wave cur ren t  was passed through the cell. 

[r l (Q')  - N O " )  

bration period until no significant dr i f t  was observed. 

During this t ime 

Plots of 

5 versus  1/Jf were  made seve ra l  times during the eqrrili- 

Once the cell had 
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been equilibrated the same intercept  could be obtained f rom measurements  

made seve ra l  hours  later even though the slope of the line m a y  have changed. 

The pa i rs  of plots in F igures  7 and 8 which are labeled 1.75 m a / c m  

f rom measurements  made at two different t imes.  

measurements  for  these pa i r s  was about 12 hours. 

2 
resulted 

The t ime between the 

Future  Work 

The kinetic investigation of the Ag-AgzO-Ago sys tem will be 

continued. 

as a function of the thickness and type of oxide. 

This will include measurements  of the oxide layer  res i s tance  

Also the effect of 

dissolved oxygen and carbonate concentration will be studied. 
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S E C T I O N  11 

SURFACE A R E A  ESTIMATION 

Introduction 

7 In ea r l i e r  repor t s  of this s e r i e s ,  a method of surface a r e a  e s t ima-  

tion fo r  s i lver  e lectrodes has been presented and discussed. 

is based upon the assumption that electrolytic oxidation of smooth and rough 

s i lver  electrodes occurs  to the same depth if  the electrodes a r e  subjected 

to the s a m e  actual cur ren t  density (cur ren t  divided by electrolytic sur face  

a rea ) .  

t o r s  of about 2 for s i lver  foil e lectrodes etched with nitric and about 60 f o r  

sintered s i lver  electrodes were  obtained. 

2 

That method 

The oxidations vie re conducted a t  constant current .  Roughness f a c -  

In our previous quarter ly  report ,  some data for  another approach 

were presented. 

acceptance measured a t  constant potential is  the same per  unit of effective 

electrolytic surface a r e a  for smooth and rough electrodes.  This assump-  

tion implies the same  depth of oxidation for smooth and rough electrodes 

a t  the same  potential. 

The basis  of this approach is the assumption that chdrge 

In this report ,  additional data a r e  presented for  

this potentiostatic method. 

Expe rime nta 1 

The potentiostatic unit and the electrolytic cel l  described in our 

2 
previous quarter ly  report ,  

Howevers the potentiostat 

booster amplifier. 

have been used €or  additional measurements .  

was limited by the cur ren t  capacity of the 

Additional cur ren t  capacity has  been provided with 
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the construction of a new unit which includes a booster capable of delivering 

100 m. a. The c i rcu i t  of this unit is shown in Figure 11. 

The s tandard electrodes have been prepared  as before by vapor d e -  

The electropolished electrodes a r e  p r e -  position of s i lver  on g lass  d i scs ,  

pared by controlled electrolysis  of s i lver  foil f rom a cyanide bath. 

etched electrodes a r e  obtained by placing s i lver  foil i n  6N HNO 

seconds o r  120 seconds before rinsing w?th disti l led water.  

s i lver  e lectrodes a r e  available commercial ly  f r o m  Delco R e m y  Company. 

The 

for  10 3 

The s intered 

A suggestion was made by Malachesky and Jasinski' that "the 

solubility of s i lver  oxides in KOH electrolyte precludes the use  of the 

cur ren t - t ime integral  to es t imate  the amount of oxide formed a s  a func- 

tion of the potential of formation". In our  determinations the dissolution 

of the s i lver  oxides has been suppressed by the use  of a KOH electrolyte 

saturated with s i lver  oxide. 

Results and Discussion 

Charge Acceptance vs. Potential  

A graph of charge acceptance p e r  unit area of smooth s i lver  e lectrodes 

a s  a function of potential was included in the previous repor t?  Additional 

data have been obtained and a r e  included in F igure  9 .  

of the curve remain the same.  

with potential up to  a value of 58 mcoul /cm 

by a drop  in charge acceptance a s  the potential continues to  increase.  

0.32 volt to  0.37 volt the charge  acceptance appears  to  be constant. 

a minimum at 0.42 volt the charge acceptance increases  with potential 

The genera l  features  

There  i s  a rapid r i s e  of charge acceptance 

This  i s  followed 2 
at 0. 30 volt. 

F r o m  

After 



10 

2 
becoming quite large,  160 mcoul /cm , a t  0.52 volt. The charge acceptance 

dec reases  again with increasing potential, The potentials are expressed  with 

reference to  a Hg/HgO standard electrode. 

5 Malachesky and Jas insk i  repor t  s imi l a r  observations on the potent'ro - 

stat ic  oxidation of s i lver .  They suggest that the r is ing pa r t s  of the  curve a r e  

explained in t e r m s  of increases  in  the number of Ag 0 and A g o  crys ta l s  2 

respectively in the two potential ranges but that  the inhibition of charge 

acceptance may be due to an  interplay of growth and nucleation fac tors  a t  

the electrode surface.  

Prec is ion  of Charge Acceptance Data. An estimation of the precis ion 
I 

of the data points i n  Figure 9 was made by oxidation of s eve ra l  s i lver -on-  

glass  d i scs  a t  one potential, 0. 32 volt. The values of charge acceptance for 

these electrodes a r e  l isted in Table 3 . The average deviation of t15% sug-  - 

gests  some variable that we have not been able t o  control. In  the s e t  of 

determinations f r o m  which these fourteen values were  taken the re  were 

four d iscs  that were  discarded because the s i lver  film peeled away f rom 

the glass  d i sc  during the electrolytic oxidation. If some of the l a rge r  

values represent  d i scs  which have imperfections but of l e s s e r  consequence 

than those which peeled, there  may be some justification in rejecting these 

values. 

average charge acceptance becomes 102 mcoul o r  40 mcoul /cm 

average deviation of - + l o % .  

values of charge acceptance in Figure 9 the existence of maxima at 0.30 

volt and 0.52 volt is s t i l l  supported. 

Fo r  example, with the rejection of the th ree  la rges t  values the 

2 
with an 

If we impose a reliabil i ty of - + l o %  on the 
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Surface A rea Estimation F r o m  Charge Acceptance 

at Constant Potential  

The potential of 0. 32 volt was selected for  the potentiostatic de te rmina-  

tion of charge acceptance for  s e v e r a l  kinds of s i lver  electrodes.  

potential is in a range of potentials for  which the charge acceptance i s  con- 

s tant  within the e r r o r  l imits.  

a r e a  is l a r g e r  for  the electropolished and etched foil e lectrodes and is very  

much l a r g e r  for  the s intered s i lver  e lectrode than i t  is for the smooth s i lve r -  

on-glass e lectrodes.  

This 

The charge  acceptance pe r  unit geometr ical  

Data for  these electrodes a r e  given in Table 3 .  

In Table 4 ,  sur face  areas calculated by the constant cu r ren t  method 

for the same electrode types are  given. 

and s in te red  electrodes a r e  l e s s  by this method than by the constant po-  

tential  method. 

roughness factors .  

1.1 and 1. 3 is sl ightly rougher than the vapor deposited s i lver -on-g lass  

which is taken as the s tandard with a roughness factor  of 1.00. The foil 

etched with n i t r ic  acid shows a marked  increase  in  roughness factor f r o m  

2 .1  with etching for  10  seconds to  4.1 with etching for  120 seconds,  when 

The sur face  a r e a s  for the foil 

A comparison of these  values i s  given in Table 5 along with 

The electropolished s i lver  foil with roughness factors  

measured  a t  constant potential. 

t o r s  of 63 by the constant cu r ren t  method and 130 by the constant potential 

method. 

The s intered s i lve r  gave roughness fac-  

Oxidative Penetrat ion vs. Pa r t i c l e  Size 

6 Wales  and Simon have presented photomicrographs of s in te red  

s i lver  e lectrodes at four  s tages  of oxidation. A t  a magnification of 1600X 
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the layer  of Ag 0 i s  c lear ly  shown for  oxidation taken to the end of the first 

plateau--Ag/Ag20. 

oxide layer  than do the la rger  par t ic les  (10-30 p). 

appears  to be approximately two. 

2 

The smal le r  s i lver  par t ic les  (1 -5 p) show a thicker 

The ratio of thicknesses 

If oxidative penetration through the surface i s  deeper  for  smal l  s i lver  

par t ic les  than it is for flat s i lver  foil then our surface a r e a  estimations for 

sintered s i lver  electrodes may be la rger  than they should be. 

The photographs of Wales and Simon were  taken of electrodes that 

had been charged a t  the constant cur ren t  es t imated to require 20  hours for  

a complete charge. 

With a la rger  cur ren t  density the difference in  the thicknesses of the oxide 

The-charging ra tes  we have used required less  t ime. 

layers may not be a s  great.  

Attempted Surface Area  Estimation 

F r o m  Peak Currents  

Con ideration has been given to another approach fo r  urface a r e a  

estimation. 

to a sharp  peak. 

With constant potential there  i s  an init ial  rapid r i s e  of current  

If this peak current  represented an init ial  oxidation over 

the ent i re  surface of only a monolayer, the value of the peak cur ren t  would 

be related to the surface area.  The oxidation apparently does not proceed 

in this way. 

f rom peak currents .  

In Table 6 data a r e  presented which show a r e a s  calculated 

3 
The formula was derived ear l ie r .  

i max ( I r regular )  a ( I r regular )  = 
c. d. (Stand a r d) max 

The roughness factors  of Table 6 appear  reasonable for  the abraded 

However, s i lver  foil and the etched s i lver  foil,  1.03 and 1.56 respectively. 
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a value of 1.40 for  the sintered s i lver  is unreasonable in terms of an initially 

complete coverage of the surface.  

number of prefer red  sites. 

The oxidation must  s t a r t  at a limited 

This suggestion i s  supported by the curves of current  flow a s  a function 

of time. 

the initial rapid increase of cur ren t  is  followed by a decrease.  

the rough electrodes shows a gradual increase in  cur ren t  to another maximum 

although much broader than the first .  

of the charge acceptance occurs with this second cur ren t  maximum. 

In Figure10 one observes that for each of the three  s i lver  electrodes 

Then each  of 

F o r  the sintered s i lver  electrode most  

Future  Work 

A model porous electrode has been described by AIkire, Grens, and 

9 Tobias. 

served a s  electrodes with uniform paral le l  pores. 

electrodes f rom si lver  and determine their  effective electrolytic surface 

a r e a s  by the constant potential and constant current  metho&. Also the 

initial peak cur ren t  at constant potential will be  measured. 

m a y  be direct ly  related to our observations that under some ccjnditions a 

sintered s i lver  electrode responds in about the same way as a foil electrode 

of the s a m e  geometric area. 

Cross  sectional segments of a slightly fused coil of copper wire  

We plan to  make s imi la r  

This information 
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S E C T I O N  I11 

THE EFFECTS O F  ULTRASONIC VIBRATION ON 

THE OXIDATION O F  SILVER 

Introduction 

An increase  in the charging capacity of a s i lver  e lectrode which was 

8 
subjected to  ul t rasonic  vibrations w a s  reported by Skalozubov and coworkers .  

We have observed this as an inc rease  of r a the r  low reproducibil i ty in the 

length of the f i r s t  plateau of the constant cu r ren t  oxidation of s i lver .  2, 3 

Data have been obtained which show the p e r  cent  i nc rease  in charging 

capacit ies at different cu r ren t  densi t ies  and with different power densit ies of 

the ul t rasonic  generator.  

Experiments  show that the inc rease  is m o r e  pronounced for  the 

second plateau of the constant cu r ren t  oxidation than it is for  the f i r s t  plateau. 

The dec rease  in t ime  required f o r  the reduction of an  electrode a t  

constant cu r ren t  f r o m  the t ime  required for  the p r i o r  oxidation of.the 

electrode a t  the s a m e  cu r ren t  is g r e a t e r  i f  the e lectrode i s  subjected to  

vibrations during the oxidation and reduction than if no vibrations were  used. 

Experimental  

Apparatus and techniques used In making charge acceptance de te r  - 

minations of s i l ve r  e lectrodes at constant cu r ren t  a r e  discussed in previous 

reports .  2, 3 

Two ul t rasonic  generators  were  used. One, an Ultrasonics 

Industries Model C40 C1P-16 with a n  output of 80 KHz and 80 watts,  had 
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the t ransducer  attached to  the bottom of a 1. 5 liter bath. 

Macrosonics Corporation Model 250 FF with a tunable 

KHz to 900 KHz and a var iable  power of 0-80 watts,  has  an immers ib le  

t ransducer .  

jar. 

thermostat ted to  20,O - t 0. l0C.  

position d i rec t ly  above the t ransducer .  

were  mounted so  that a f t e r  having been removed f r o m  the bath they could 

be r e tu -ned  t o  the original position and orientation. This precaution was 

taken because of the highly direct ional  charac te r  of the t ransducer .  

Figure 12 shows the placement of the cell ,  the e lectrodes,  and the 

t ransducer .  

The other ,  a 

frequency of 700 

The t ransducer  was fixed in position in a 12" x 12" bat tery 

The jar was filled with water  to a predetermined level and was 

The  experimental  ce l l  was supported in 

Both the ce l l  and the electrodes 

Cell  chambers  were  made f r o m  250 ml beakers .  A 3-cm d ia -  

me te r  section in  the bottom center  was blown into a convex downward 

depression in which the Hg--HgO reference  electrode was prepared .  

platinum wire  fo r  e l ec t r i ca l  contact with the re ference  electrode was 

sealed through the bottom of the depression.  

A 

Another cel l  chamber  design had the en t i r e  bottom of the beaker  

blown to  convex downward shape. 

F igure  13. 

Both chamber  designs a r e  shown In 

Silver foil e lectrodes which were  used in measu remen t  of the effect 

of the ul t rasonic  vibrations on the total  oxidation to  the evolution of oxygen 

were  die-cut f r o m  0.004 inch thick s i l v e r  foil. 

household c l eanse r  and one s ide was  s p r a y  painted with non-conducting 

The foil was cleaned with 



16 

paint before the electrodes w e r e  cut. 

oxidation occurred  on the painted side. 

inch thick s i lver  foil  which had been electropolished as descr ibed p r e -  

vious 1 y. 

No evidence could be found that any 

A l l  other experiments  used 0.010 

2 

Results and Conclusions 

Charge Acceptance vs. Current  Density 

Constant cu r ren t  oxidations with and without vibrations at seven 

cu r ren t  densit ies ranging f rom 11 4 pamps / c m  to  456 pamps /cm were  
2 2 

compared (see Table 7) .  

t aken  to  reproduce conditions of electrode preparat ion and placement, 

solution concentration, and temperature .  The sma l l  Ultrasonics Industries 

bath was used. Charging capacity increases  of 5 to 26% w e r e  observed 

but no t rend  compared to  increasing cu r ren t  density could be seen,  (see 

Table 7 ) .  

Electropolished electrodes were  used and care w a s  

Charge -Discharge 

By comparing the time required to  oxidize a n  electrode at constant 

cu r ren t  to the evolution of oxygen with the time required to  reduce the 

electrode at that cu r ren t  one can show a consistent dec rease  in reduction 

time with respect to  oxidation time. 

loss of the active mass (Ago o r  Ag 0) through dissolution o r  disintegration. 

Alternatively, it could be caused by decreased  cu r ren t  efficiency during 

charge. Nineteen electrodes were  oxidized and then reduced under various 

typical conditions without vibrations. 

This difference could be caused by 

2 

The oxidations required f rom seven 
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t o  twenty-five minutes but the reductions required less t ime than the oxidation 

in  eve ry  case. 

tion time was 4.3% and the average deviation was 1.3%. 

under similar conditions except with vibrations again showed reduction t imes  

less than oxidation times in eve ry  case but the average  dec rease  was 21.1 ’$ 

and the average deviation was 10.2% (see Table 8), Work is being undertaken 

t o  determine i f  this increased  loss occurs  uniformly throughout the oxidation - 
reduction cycle o r  exclusively during the oxidation o r  reduction of the 

elect  rode. 

The average dec rease  in reduction time compared to  oxida- 

Eighteen runs 

Increased Charge Acceptance In Second Oxidation 

To determine the inc rease  in charge acceptance during the second 

oxidation of s i lver  (Ag20 4 Ago) nineteen foil e lectrodes which had been 

cleaned with abras ive  c leanser  and painted on one s ide to l imit  oxidation 

to the other s ide were  oxidized at 620 pamps /cm . 
time required f o r  the first and second oxidations and the total, 

t ime  required for the first oxidation (T ) was 0.78 minute with 11 % 

average deviation, 

5.87 minutes with 14% average deviation. 

(T1 + T2) was 6.65 minutes and the average  deviation was 13%. 

2 
Table 9 shows the 

The average 

1 

The average of the second oxidation t ime  (T ) was 2 

The average of the total  t ime 

These resu l t s  were compared with s imi l a r  oxidations using the 

Macrosonics Corporation ul t rasonic  generator.  

u s e  of an immersible t ransducer  with a highly directional propagation of 

ultrasonic waves. 

This instrument  makes 
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Five oxidations with each  of the  cel l  designs in Figure 13 were  run. 

The vibrations which were  directed through the bottom of the flat bottomed 

ce l l  were  of noticably grea te r  intensity than the vibrations directed through 

the bottom of the round bottomed cell. Apparently the round bottomed ce l l  

caused m o r e  reflection and refraction of the ultrasonic waves than did the 

1’ T2’ perpendicular sur faces  of the flat bottomed cell. 

and T t T 

deviation, 8. 76 minutes with 2 2 %  average deviation, and 9.57 minutes 

The averages for  T 

f o r  the flat bottomed ce l l  were  0.81 minute with 14% average 1 2 

with 20% average deviation, respectively. The respective inc reases  due 

to  vibrations were  4%, 49%, and 44%. The round bottomed ce l l  showed 

averages of 0.83 minutes for  T 

for T 

average deviation. The increases  due to  vibrations were  6 % ,  21%, and 

with 11 % average  deviation, 7.12 minutes 1 

2 1 with 5 %  average deviation, and 7. 95 minutes for T t T 2  with 5 %  

20% respectively. 

in the flat bottomed cell in accordance with the observed decreased power 

of vibrations in the round bottomed cell. 

Table 9. 

These are much lower (except T ) than the increases  1 

These data are presented In 
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Table 1 

Comparison of Kinetic Data Obtained by the Galvanostatic Polar izat ion 

t 
Method and by the Cyclic Curren t -s tep  Method on the Ag-Ag(NH ) 3 2  

Description of run 

1. Plot  #1 of Fig.  2 
in this  r epor t  ( f rom 
reference  2 Fig. 5) 

2. By Vielstich and 
Ger ischer4  (plot #2 
of Fig.  2 in  this 
r epor t  

3. Plot  #3 of Fig. 2 
in this r epor t  

4, Plot  #4  of Fig. 2 
in this  r epor t  

5. C.C. s.  data f r o m  
reference  2 

iA 
m a / c m  

1. 07 

0.66 

4. 3 

0.  8 9  

0. 73 

a 

0.67 

0. 5 0  

0 . 6 4  

0 .  31 

0. 8 2  



20 

Table 2 

10.85 F 
10.85 E 

5.43 F 
5.43 F - 

1.085 F 
1.085 F - 

0.543 F 
0.543 F - 

0,0543 F 
0.0543 E 

Results of Measurements by the C. C. S .  Technique 

on the Ag-Ag 0 System 2 

1.75 
0.87 

1.75 
0.87 

1.75 
0.87 

1.75 
0.87 

1.75 
0.87 

- 44 
-22 

- 45 
-23 

-39 
-20 

-52 
-2 5 

-50 
-30 

-1.1 
-1.1 

-1. 0 
-0.98 

-1. 2 
4 . 1  

-0.87 
-0.90 

-0.90 
- 0 . 7 5  
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Table 4 

Surface Area  Estimation of Silver Electrodes of Varying Surface Roughness 

by the Constant Current  Method. 

Ge o m e  t r ic Surface Area 
A r e a  of Applied Plateau A ve r a  ge Average 

Electrode Electrode Curren t  Length Dtms Value Deviation 
( % I  2 Type (cm2) (JL amps)  (min) ( e m  ) 

- 2.54 - - - Silver -on-glass 2.54 
(vapor deposited) 

Elect  ropo lis hed 2.63 3 00 15.83 3 .00  
Foi l  3 00 15.21 2. 76 2. 86 - t 3 %  

300 15.68 2. 81 

F o i l  Etched in 2.63 1200 0.25 8 .89  

(120 see.)  1200 6. 75 8.06 . 
6N HN03 1200 6.50 7. 89 8. 21 - +5 % 

Foil  Etched in 2.63 500 6.55 3.31 

(10 sec . )  500 7. 50 3.55 
6N HN03 500 7.00 3. 48 3.44 - t 3 %  

Sintered Silver 0.688 3500 20.25 43.6 

Soaked in KOH 3500 21.50 44. 0 
Delco Remy 

Electrode 3500 18.00 42.0 43.2 - +2 $7 
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Table 5 

Comparison of Constant Curren t  and Constant Potential  Methods for  

Determining Surface A r e a s  and Roughness F a c t o r s  of Silver Electrodes 

Effective Elect r o 1 ytic 
2 Geometr ic  Surface A r e a  ( c m  ) 

A r e a  of Constant Constant 
Electrode Electrode Potential  Curren t  

Type (cm2) Method Method 

Silver -on-glass 2 . 5 4  2 . 5 4  2 . 5 4  
(vapor deposition) 

E le c t  r opo lis hed 2 . 6 3  3. 29 2 .86  
Foi l  

Foi l  Etched in 2 . 6 3  10.7  8 . 2 1  
6 N  H N 0 3  
(120 sec.)  

Foi l  Etched in 
6 N  H N 0 3  
(10 sec.) 

2 . 6 3  

Sintered Si lver  0 .688  
Elect  rode 
(Delco Remy) 

5 . 6  

8 8 . 6  

3 . 4 4  

4 3 . 2  

Roughness Fac to r  
Constant Constant 
Potential  Curren t  
Method Method 

1 1 

1 . 2 5  1 .  09 

4.1 3.1 

2.1  

130 

11 3 

63 



24 

Table 6 

Surface A r e a  Estimatiop F r o m  Peak  Currents  in the Oxidation of 

Silver Electrodes at Constant Potential (0.320 t 0.003 volts vs. - 

Hg / HgO reference)  

Geometric . Peak Current  A r e a  
Area of Average Average Calculated 

Electrode Electrode Observed Value Deviation f r o m  Peak Roughness 
Type b 2 )  (ma) (ma) % Current  Factor  

Silver -on - 2.54 4. 00 
glass  

Silver Foi l  
Rubbed with 
Abrasive 
Paper  

2.63 

4.00 
3.95 
4. 05 

4.00 
4.10 
4.20 
4. 05 

4. 00 

4.09 

Foil  Etched in 2.63 6.75 
6N HN03 5. 80 
(120 sec.)  6. 40 

6.05 

6. 25 

Sintered Silver 0.688 5.80 
Electrodes 5.10 
Soaked in 0.1 N 5.60 
KOH 5.80 
(Delco Remy) 

5. 57 

- to. 5 

- t1. 5 

t5 - 

t4 - 

2.54 

2.7 

4. 1 

0.96 

1.00 

1.03 

1.56 

1. 40 
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Table 7 

A Comparison of Increases in Charging Capacities 

at Seven Current Densities 

Current Average Per cent 
Number Dens it y Oxidation Time Average Per  cent 

(minutes) Deviation Increase of Runs (pampe/cm ) Vibrations ? 2 

5; 2 6 114 N o  14.93 3.2 
5 114 Y e s  15.71 1.3 

6 152 
5 152 

6 190 
6 190 

6 
6 

228 
228 

N o  
Y e s  

N o  
Y e s  

N o  
Y e s  

9.32 
9.87 

6.36 
7.13 

4.78 
5.77 

1.2 
I. 7 

1.8 
4. 9 

1.0 
3.3 

5.9 

12.1 

20.7 

13.4 5 304 N o  3.05 1.6 
5 30 4 Y e s  3.46 4.6 

25.7 6 380 N o  2.10 4.8 
5 380 Y e s  2.64 3.2 

5 456 N o  
4 456 Y e s  

1.55 
1.89 

5.1 
1.5 21.9 
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Table 8 

Oxidation and Reduction of Silver Foil Electrodes With and Without 

Vibrations under Various Typica€ Conditions 

Without Vibrations With Vibrations 
Oxidation Reduction % Oxidation Reduction 5 

Time Time Decr eas e Time Time Decrease 

9.19 

10.46 

10.91 

11.26 

11.32 

11.32 

11.85 

17.00 

17.94 

17-95 

18.14 

18.28 

18.74 

18.79 

18.93 

8.79 

10.18 

10.60 

10-62 

10.72 

10.90 

11.26 

16.21 

17.08 

17.41 

16.98 

17.50 

17.69 

17.92 

18.11 

4.4 

2.7 

2.8 

5.7 

5.3 

3.7 

5.0 

4.6 

4.8 

1.3 

6.4 

4. 3 

5.6 

4.6 

4. 3 

6.92 

7.25 

7.83 

8.63 

9.13 

10.11 

10.16 

IO. 49 

10.62 

10.68 

10.77 

14.24 

15.02 

18.93 

19.58 

5.00 

4.93 

6.47 

6.85 

7-92 

8. 72 

8.65 

6.69 

9. 51 

10.01 

9.22 

12.54 

12.57 

16.96 

12.00 

27. 7 

32. 0 

17.4 

20.6 

13.3 

13. 7 

14. 9 
36.2 

10.5 

6.3 

14, 4 

11,9 

16.3 

10.4 

38. 7 

18.94 18.42 2.7 20.73 18.35 11.5 

18.98 18.58 2.1 23.14 11.56 50.0 

19.13 18.73 2.1 24.44 15.98 34.6 

19.98 18.23 8.8 

Average 
4.3 

Average deviation 
1.3% 

Average 
21.1 

10.2% 
Average deviation 
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Table 9 

First 
Plateau 

T i  in min. 

0. 70 
0.86 
0.63 
0.74 
0.86 
0.60 
0.87 
0.73 
0.90 
0.70 
0.74 
0.81 
0.96 
0.77 
0.87 
0.88 
0.86 
0.87 
0.74 

average 
0.78 

11% a.d. 

Oxidation of Silver Foi l  to the Evolution of Oxygen at Constant 

Current  with and without Ultrasonic Vibrations. 

Area: 1.29 cm . Temperature:  20. Oo - t 0.  1°C. 

am s Current  Density: 620 q. 

2 

cm”  

Second Total  
Plateau Oxidation 

T 2  in min. . T1+T2 in min. 

5. 07 
5.14 
4.82 
5.68 
4.39 
5.62 
4.86 
5.64 
6.84 
6.98 
5.01 
6. 72 
6.14 
8.35 
5.08 
6.97 
6.44 
6.24 
5.46 

5.77 
6.00 
5.45 
6.42 
5.25 
6.22 
5.73 
6.37 
7.74 
7.68 
5.75 
7.53 
7.10 
9.12 
5.95 
7.85 
7.12 
7.11 
6.20 

average average 
5.87 6.65 

14% a. d. 13% a.d. 

\A A V I t V O l r f L O I Z S  

Flat -bottomed Cell 
Se cond Total  First 

Plateau Plateau Oxidat ion 
TI in min. T2 in min. T1+T2 in min. 

0.68 9.30 9.98 
0.68 5.65 6.33 
1.04 7.00 8.04 
0.81 l l . .16 11.97 
0.86 10.67 11.53 

average average average 
0.81 8. 76 9.57 

14% a.d. 22% a,d. 20% a. d. 

4% i nc rease  49% i nc rease  44% increase  

Round -bottomed Cell 

T1 T2 T l t T 2  

0.83 6.55 7.38 
0.76 6.92 7.68 
1.05 7.23 8.28 
0.74 7.88 8.62 
0.77 7.03 7.80 

average average average 
0.83 7.12 7.95 

11 % a. d. 5% a.d. 5% a.d. 

6 %  i nc rease  21 % increase  20% i nc rease  
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Side View 

To heat exchanger * 
in thermostatted 
bath 

---3 
The r m ome te r 

Path of 
e le c t r ol  yte 
c ir cu la t i on 

e lect r ical lead 

sintered silver 
c ounte r e lec t r  ode 

silver disc 
test electrode 

Ls electrical lead 
Top View 

capillary ff2 

capillary H3 

capillary # 4  

I capillary 

Fig. 1. --Schematic of test cell designed fo r  c. g. and c. c. s. kinetic studies 
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Fig. 2. --Comparison of Classical galvanostatic polarization data 
obtained by different methods on the Ag-Ag(NH3)2+ system. 
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Fig. 3. --Nonlinear c. c. s. data obtained w-ith the cell described 
in Fig. 1 .  
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Fig. 4. --C. c. s.  data of the Ag-Ag,O system in 10.85 _F KOH 
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Fig .  5. --C. c .  s. data of the A g - A g  0 system in  5 .43  - F KOH 2 
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Fig. 6 .  - -C.  c. s. data of the Ag-Ag20 system in 1 . 0 8 5  - F KOH 
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Fig. 7. --C. c .  s. data of the Ag-Ag 0 system in 0.543 F KOH 2 
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Fig. 8. --C. c. s .  data of the Ag-Ag20  system in 0 .0543  - F KOH 



36 

160 

140 

120 

100 

80 

40 

2a 

0 

I I I I 1 I I 
.275 .325 .375 .425 475 .525 . .575 

Potential (volts) 

Fig. 9 .  --Charge acceptance per unit area of si lver-on-glass electrodes as  a function 
of applied potential. 
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Pig.11. - -Circui t  of Potentiostat  with 100 ma Booster Amplifier 

Potentiostat  - -Philbrick P25AU Operational Amplifier 
Booster - -Philbrick P66A Power Amplifier (1 00 ma mode) 
Integrator  - -Phi lbr ick P25AU Operational Amplifier 
Cur rent  R e co rde r  
Constant Potential  Power Supply 
Integrator Output Recorder  
100 Ohm Standard Res is tor  
Hg-HgO Reference Electrode 
Silver Working Electrode 
Platinum Counter Electrode 
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Thermostatted Water Bath 

T ransduce F 

n 
Transducer Holder M1 

Fig. 12. - -Thermostatted bath showing transducer, cell, and electrodes . 



40 

A 

Round Bottomed Cell 

B 

Flat Bottomed Cell 

Fig. 13. --Two types of cell design 
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